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Available online 6 January 2016Monoclinic vanadium oxide (VO2) thin ﬁlms with low roughness valueswere deposited and optimised by atmo-
spheric pressure chemical vapour deposition using vanadium tetrachloride (VCl4) and water (H2O). Smooth VO2
ﬁlms with good transmittance properties were successfully produced on ﬂuorine doped tin oxide/borosilicate
substrates. Systematic investigations conﬁrmed that the quality (including phase) of ﬁlms being produced
strongly depended on substrate, deposition time, temperature, and precursor ratio within the process. Optical
characterisation using ellipsometry revealed a strong thermochromic response of the ﬁlms with a large change
in the dielectric function, while time-resolved pump–probe transmission showed the picosecond nature of the
phase transition.
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Investigations into the deposition and characterisation of phase-
pure monoclinic vanadium dioxide (VO2) thin ﬁlms have been of con-
siderable interest predominantly due to their reversiblemetal–insulator
transitions. After heating the material to 68 °C, it converts from mono-
clinic to more stable rutile phase with a signiﬁcant optical and conduc-
tivity changes. This inherent property of monoclinic phase has made it
the choice of material for many applications including transistors [1,2],
gas sensing [3], smart windows [4], and optical limiting [5].
A variety of physical and chemical methods such as molecular beam
epitaxy [6], pulsed-laser deposition [7], sputtering [8], sol–gel [9], atom-
ic layer deposition [10], ion beam [11], and chemical vapour deposition
(CVD) [12] have been studied for growing VO2 thin ﬁlms with
thermochromic properties. Among CVD processes, atmospheric pres-
sure (AP) CVD technology is highly attractive for growing large area
stoichiometric VO2 thin ﬁlms with uniform thicknesses and high depo-
sition rates. Moreover, the process is cost competitive and can be inte-
grated into ﬂoat-glass manufacturing lines. Several research groups
including ours have identiﬁed growth conditions for depositing only
VO2 thin ﬁlms in APCVD process [13–18]. The studies have shown that. This is an open access article underany variation in growth parameters can profoundly alter both the mi-
crostructure and optical properties of deposited thin ﬁlms.
In this paper, we discuss optimisation of VO2 thin ﬁlms by APCVD
and resulting properties. For these to be successful, the coating needs
to have a number of essential properties. First of all, the coatings should
be smooth. The scale of the devices to be deposited on top of the VO2
coating is of the scale of 20 nm, therefore the surface should preferably
have a Root mean square (Rms) roughness of under 10 nm. Secondly,
the thermochromic response needs to be large and at a lower tempera-
ture than that of bulk value. This is measured in the IR region of the
electromagnetic spectrum. Thirdly, the material should exhibit a fast
response on the picosecond response scale.2. Experimental section
The vanadium(IV) chloride (VCl4), monobutyltin trichloride
(MBTC), and triﬂuoroacetic acid (TFAA) (Sigma Aldrich Ltd) were
used as received. Prior to conducting deposition experiments, 1.1 mm
borosilicate glass substrates were cleaned with detergent, water,
propan-2-ol, and then dried in air. The growth experiments for vanadi-
um oxides were carried out by APCVD, as reported previously [14]. The
VCl4 (as a vanadium source) and H2O (as oxygen source) were chosen
due to their ability to yield favourable growth rates and eliminate anythe CC BY license (http://creativecommons.org/licenses/by/4.0/).
Table 2
Growth parameters utilised for FTO thin ﬁlms.
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tem with dry N2 several times to remove any residual air.Parameter Value
Substrate temperature 600 °C
MBTC molar ﬂux 5.72 × 10−4 mol/min
TFAA solution concentration 0.2 M
Water:MBTC ratio 5:1
Oxygen ﬂow rate 1.6 l/min
Number of passes 2
Total ﬂow 6 l/min2.1. Thin ﬁlm deposition
For VOx deposition, the precursor ratio, the deposition time, and the
substrate temperature were varied as summarised in Table 1. To
prevent ﬁlm oxidation, the reactor was allowed to cool down to
100 °C under N2 before the ﬁlms were removed. The precursors were
transported through the reactor in a stream of N2 carrier gas.
The ﬂuorine doped tin oxide (FTO) ﬁlmswere deposited usingMBTC
and TFAA within a designed APCVD coater as described in an earlier
publication fromour group [19]. The experimental conditions employed
have been listed in Table 2. The thickness of the FTO ﬁlm was set by the
number of times the substrate passed under the CVD coating head.2.2. Characterisation
X-ray diffraction (XRD) patterns were measured on a Siemens
D5000 using a Cu Kα source. The surface roughness and morphologies
were analysed by atomic force microscopy (NanoScope IIIa, Digital
Inst. Ltd.). Cross-section scanning electron microscope image was re-
corded using a Quanta 250 ESEM. The transmission properties of the
ﬁlms were measured on a nkd8000 spectrophotometer (Aquila Instru-
ments Ltd) with an incorporated heating stage. This allows the trans-
mission properties to be measured at set temperatures without the
need to move the sample between measurements. Samples were heat-
ed in air from room temperature to 75 °C in 5 °C intervals, in order to ob-
serve and assess the thermochromic transition. A wavelength range
from 800 to 1700 nm was used with s-polarised incident light at an
angle of 30°. The ﬁlm thicknesswas determined using a Dektak 3ST sur-
face proﬁler (Veeco) by measuring at least ﬁve different points on the
step etched ﬁlm. Before such measurements, ﬁlms were step etched in
3 M aqueous sodium hydroxide (aq. NaOH) solution for approximately
3 h. Spectroscopic ellipsometry data were collected using a Jobin–Yvon
Uvisel-2 variable-angle ellipsometer. Dielectric functions were ﬁtted
from the ellipsometry parameters using a Drude–Lorentzmodel includ-
ing 4 oscillators. Linear and ultrafast transmission measurements were
taken using a picosecond pump–probe spectroscopy setup employing
a supercontinuum light source as was used in earlier studies [20]. A
pulse picker was used to reduce the repetition rate of the ultrafast
pump–probe experiment to 500 kHz to prevent stationary sample
heating.3. Results and discussions
In search for smooth VO2 thin ﬁlms with a large thermochromic re-
sponse, various deposition parameters were systematically investigated
by APCVD. The optimum deposition conditions were further used to
produce VO2 ﬁlms for optoelectronic measurements.Table 1
Growth parameters utilised for vanadium oxide thin ﬁlms.
Parameter Value
Substrate temperature 350–450 °C
VCl4 molar ﬂux 5.5 × 10−3 mol/min
H2O molar ﬂux 2.18 × 10−3–5.45 × 10−3 mol/min
VCl4:H2O ratio 0.43:1–1.08:1
Deposition time 60–120 s
Flow rate for H2O 0.3 l/min
Flow rate for VCl4 0.4 l/min
Total ﬂow 12 l/min3.1. Investigation of APCVD parameters
Initial deposition experiments (see Table 1 for details) were con-
ducted directly on the borosilicate glass. Atomic force microscopy
(AFM) analysis showed the formation of irregular crystallites with
large Rms roughness values for all samples. For example, a typical sur-
face image of a ﬁlm deposited at 375 °C with a Rms value of 65 nm is
given in Fig. 1. The XRD patterns of deposited ﬁlms showed a peak at
~25° corresponding to (100) peak of orthorhombic V2O5 phase (ICDD:
09-0387). As expected, the ﬁlms showed no thermochromic response.
For the ﬁlms to be truly functional in optoelectronic devices, it is
highly desirable to have smoother ﬁlms i.e. low Rms values and large
thermochromics response in IR region. To achieve this it was necessary
to deposit VO2 rather thanV2O5. As an alternative, 30 nm thick FTOﬁlms
were deposited on borosilicate glass by APCVD and investigated as tem-
plate layers for growing smooth VO2 thin ﬁlms (see Table 2). The depos-
ited ﬁlms composed of almost spherical particles with a roughness of
2.3 nm as evident in Fig. S1.
The VO2 ﬁlms were deposited on FTO/borosilicate glass between
350–450 °C, with a ﬁxed precursor [VCl4]:[H2O] ratio of 0.65. The depos-
ited ﬁlms were dark yellow and well adherent to the substrates. The
grazing XRD measurements showed diffraction peaks corresponding
to polycrystallinemonoclinic VO2 (ICDD: 44-0253) regardless of growth
temperatures. For example, a ﬁlm deposited at 375 °C (Fig. 2) showed a
peak at 27.86°which could be unambiguously assigned to (011) peak of
monoclinic VO2. The AFM measurements indicated that the deposition
temperatures had a profound effect on the roughness of ﬁlms as their
values could be ranged between 8–148 nm (Fig. 3). Interestingly, the
ﬁlms deposited at 375 and 400 °C had roughness values ˂10 nm.Where-
as, an increase in growth temperature leads to much rougher ﬁlms that
are unacceptable for optoelectronic applications.
When heated, ﬁlms showed a strong thermochromic response in the
IR region below and above transition temperatures at a wavelength ofFig. 1. A typical XRD pattern of V2O5 ﬁlm deposited on borosilicate glass at 375 °C. Inset
shows corresponding AFM image with a Rms value of 65 nm.
Fig. 2. A typical XRD pattern of VO2 ﬁlm deposited on FTO/borosilicate glass at 375 °C for
60 s. Inset shows corresponding AFM image with a Rms value of 6.2 nm. Peaks marked
with asterisk are due to the presence of underlying FTO ﬁlm.
Fig. 4. Transmission values as a function of different deposition temperatures, while
keeping the precursor ratio ﬁxed at 0.65 and deposition time of 60 s.
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are highly inﬂuenced by the deposition temperatures. At low growth
temperature i.e. 350 °C, the ﬁlm exhibited a relatively high transmission
when measured at room temperature. However, the sample displayed
no thermochromic shift. On the contrary, the VO2/FTO ﬁlms deposited
at higher growth temperatures (N400 °C) did show a marked decrease
in IR transmittance. The relative percentage difference in transmission
value (ΔT) was found to be 82.6% for the sample coated at 375 °C.
We speculate that the lack of thermochromic response and relatively
high surface roughness for the ﬁlm deposited at 350 °C may be due to
either V2O5 or amorphous inclusions. The XRD conﬁrmed the very low
level of crystallinity with possibly a mixed oxide. All other samples
were shown to be VO2. A sudden jump in the roughness value for the
sample deposited at 450 °C could possibly be a result of substantial in-
crease in precursor decomposition rate. This in turn leads to increased
ﬁlm thickness and hence roughness.
Further experiments were carried out to determine the effect of
growth times on the ﬁlm properties using optimised conditions identi-
ﬁed in above experiments. The FTO/borosilicate substrates were set at
375 °C while carrying out the deposition runs for 60, 90 and 120 s.
The ﬁlms were adherent and had good coverage on the substrates.
The XRD analysis showed diffraction peaks belonging to both crystalline
VO2 and underlying FTO ﬁlms (in the case of 60 s) as shown in Fig. 2. As
expected, these ﬁlms became thicker with increased growth times andFig. 3. Roughness values as a function of deposition temperatures while keeping the
precursor ratio ﬁxed at 0.65 and deposition time of 60 s.their thicknesses determined by surface proﬁlometer were 36 (±3),
52 (±3) and 88 (±4) nm for 60, 90 and 120 s, respectively (Fig. 5).
The obtained value for 60 sec ﬁlm corresponds well with the thickness
estimated by cross section scanning electron microscope image, 45
(±6) nm (Fig. S2). Observed increased ﬁlm thicknesses as a functional
of deposition times is aligned with previous reported observation for
VO2 thin ﬁlms [21]. In comparison, the ﬁlm deposited under identical
growth conditions (375 °C, 90 s) on borosilicate glass, albeit V2O5, was
substantially thicker (320 ± 19 nm) and rougher (65 nm). Based on
this evidence, it can be safely concluded that the type of substrate inﬂu-
ences the phase and quality of VOx being deposited under similar
APCVD conditions.
It is found that prolonged growth experiments led to slightly rough-
er ﬁlms, with Rms values only ranging from 6.2 to 10.5 nm as the ﬁlm
thickness increased (Table 3). This in turn implies that increasing ﬁlm
thickness (36–88 nm) does not have a profound effect on the roughness
properties of the samples. However, resulting samples did showmarked
thermochromic behaviour and their values signiﬁcantly reduced in IR
region (Fig. S3). The ΔT values determined were 52.9, 82.6 and 95.9%
for 60, 90 and 120 s, respectively (Table 3). This relationship of ΔT and
sample thickness is due to the fact that that transmission depends on
both the refractive index and ﬁlm thickness, in accordance to optical in-
terference theory. This effect for VO2 thin ﬁlmswas previously reported
by Xu et al. [22].Fig. 5. Film thicknesses at different growth times. Deposited at 375 °C at a precursor ratio
of 0.65.
Table 3
Properties of VO2 thin ﬁlms at different growth times and oxidations. All samples deposit-
ed at 375 °C. Unable to get reliable data for 0.43 ratio.
Transmission (%)
Growth time
(s)
[VCl4]:[H2O]
ratio
20 °C 70 °C ΔT Roughness
(nm)
Thickness
(nm)
60 0.65 62.35 29.35 52.92 6.2 35.78 ± 2.97
90 0.65 37.32 6.49 82.61 9.9 52.32 ± 2.98
120 0.65 40.72 1.65 95.94 10.5 87.68 ± 3.63
60 0.43 88.24 88.06 0.21
60 0.86 44.14 17.82 59.62 52 104.2 ± 7.9
60 1.08 68.45 65.47 4.36 37.3 82.46 ± 12
163J.M. Gaskell et al. / Surface & Coatings Technology 287 (2016) 160–165It is obvious from the above experiments that under optimised CVD
conditions, highly smooth polycrystalline VO2 ﬁlms could be deposited
on underlying FTO layers. The change in vanadium oxidation state and
crystallographic orientation is related to the change in the surface the
VOx was deposited on. This suggests that the presence of a thin poly-
crystalline FTO layer directs the orientation of the VOx towards VO2. A
similar structure directing effect has been seen, by us, with APCVD de-
position of vanadium oxide over anatase producing mainly a compact
granular morphology of mainly V2O5 rather than the rod-like VO2
structure usually formed on glass under those particular deposition con-
ditions [13]. A similar growth observation has been seen for the
solution-processed VO2 on FTO [23] and evaporation ofmetallic vanadi-
um in oxygen atmosphere [24]. Both FTO and VO2 have similar rutile
type structures, unlike that of orthorhombic V2O5, which Zhang et al.
[22] attributed to the increased crystallinity and lower deposition tem-
perature of their solution based VO2 on FTO. According to best of our
knowledge, this is theﬁrst time that a CVDprocess has been successfully
used for depositing VO2/FTO/borosilicate coatings with sub 10 nm Rms
values.Fig. 6. (a) Ellipsometry parametersΨ and (b)Δ at different sample temperatures between 30 °C
function ε at temperatures of 30 °C and 75 °C, obtained using variable-angle spectroscopic ellipThe [VCl4]:[H2O] precursor ratios used during the experiments also
had a signiﬁcant effect on the optical properties of ﬁlms, due to the for-
mation of VO2 or V2O5.When the VCl4 was in excess during the process,
the ﬁlm growth was very slow, producing only a very thin ﬁlm with no
thermochromic shift. As the [VCl4]:[H2O] ratios increased, the ﬁlm pro-
duced began to exhibit thermochromic shifts and the results are
summarised in Table 3. The data is consistent with previous thickness
dependent thermochromic properties of VO2 [22]. The sample grown
for 120 s having a [VCl4]:[H2O] ratio of 0.65 yielded the greatest ΔT
value of ~96%. The XRD results showed these materials to be composed
of VO2 phase. Increasing the ratio further produced thick ﬁlms that had
no thermochromic shifts. This togetherwith the high amount of oxidant
would suggest an increase in the materials oxidation state. This is con-
ﬁrmed by both the shift in ﬁlm colour from dark green to yellow, and
the XRD that the product is V2O5. Also noted was the large increase in
Rms, which is in line with previous values seen for V2O5.
In light of the above results, an optimum VO2 ﬁlm on FTO/glass was
obtained at 375 °C, [VCl4]:[H2O] ratio of 0.65, and deposition time of
60 s. The precursor ratio and time needed balancing against the increase
in roughness at the higher ratio and in particularly for the higher depo-
sition times. The optimised samples were then used for further opto-
electronic investigations.
3.2. Investigation of optoelectronic properties
The main interest of VO2 for optoelectronics applications lies in the
thermochromic response provided by the electronic phase transition.
In order to establish the quality of this thermochromic effect for the fab-
ricated samples, spectroscopic ellipsometry was performed over a spec-
tral range covering the visible and near-infrared window. Fig. 6a and b
shows resulting values for the ellipsometry parameters Ψ and Δ, for
temperature increases from 30 °C to 75 °C and at a constant angle ofand 75 °C, for an angle of incidence of 55°. (c) Real and (d) imaginary parts of the dielectric
sometry.
Fig. 7. (a) Temperature dependence of transmission through optimised VO2 layer with Rms of 6.2 nm showing hysteresis of the phase transition. (b) Time resolved spectroscopy of VO2
transmission change ΔT/T at 1500 nm wavelength, showing fast, picosecond nature of the phase transition.
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changed up to 65 °C, above which it shows a pronounced modiﬁcation.
Fig. 6c and d shows the dielectric function ε extracted from variable
angle ellipsometry at 30 °C and 75 °C, for the thin VO2 layer. A large
change in both the real and imaginary parts is observed, associated
with the phase transition. While the sample shows a strong decrease
in the real permittivity, we do not observe a transition to negative
values as found in earlier studies [25]. However, the results are in qual-
itative agreementwith values reported at 75 °C by Kana Kana et al. [26].
Differences in permittivity can be caused by different sample morphol-
ogies, ranging from single crystals to polycrystalline thin ﬁlms, presence
of defects, and orientation of the crystallographic axis. In this study it is
likely that the increased smoothness of this material is associated with
small domain sizes in the range of several nm, which affects the
electronic response. Additionally, theoretical studies showed a strong
anisotropy of the metallic response, with only one crystallographic
direction presenting the metallic response.
The strong thermochromics response of the ﬁlms is conﬁrmed by
optical transmission spectra shown in Fig. S3 (a), showing a large drop
in transmission in the metallic state primarily in the near-infrared,
with little change in the visible range. The samples show temperature
hysteresis behaviour with a width of around 20 °C. (Fig. 7a) Next to di-
rect control of the temperature using a heater stage, the phase transition
could also be controlled locally using optical pulses focused onto the
sample. Fig. 7b shows the time dynamics of the differential opticalFig. 8. Optical pumping hysteresis curves against normalized pump power (1.0 corresponds
to 10 nJ pulse energy).transmission ΔT/T following excitation by a high-intensity (5 nJ)
pump laser at 1060 nm wavelength. The pump light was focused on a
small area of around 1 μm in diameter, resulting in a local afﬂuence of
around 50 mJ/cm2. The duration of the pump pulse was 11 ps while
the repetition rate was 500 kHz, providing sufﬁcient time between
pulses to enable full recovery of the VO2 by thermal relaxation. The sam-
ple temperature was kept at 50 °C, just below the hysteresis loop. Opti-
cal pumping results in a very fast excitation of the sample and a
concomitant phase change, which reaches approximately 25% of the
fullmodulation achieved using the heater stage. Comparing the reduced
switching amplitude with the temperature curve of Fig. 7a indicates
that the effect is associated with a local temperature change of several
degrees.
Periodic optical pumping requires the sample to relax in-between
subsequent excitation cycles. For background temperatures below the
hysteresis loop, this can be achieved. However at higher temperatures,
it is expected that the sample remains in the switched state. Fig. 8
shows the effect by plotting the optical transmission while the pump
power is cycled from several percent up to 100% of the maximum
laser power of 10 nJ and back. Meanwhile the background temperature
was set to 50 °C, 60 °C and 70 °C. At the temperature of 50 °C, i.e. below
the hysteresis loop, the optical pumping cycle is nearly fully reversible
and the transmission recovers back close to its initial value. At a temper-
ature of 60 °C, the optical pumping induces a slightly larger effect, but
the sample does not recover back to its original state. This effect can
be explained from Fig. 7a by realizing that the optical pumping induces
a local temperature rise of several degrees and thus switching of local
domains. However, upon cooling the hysteresis of the phase transition
results in a latching of the optical switched state. At the highest back-
ground temperature of 70 °C, the sample is almost completely switched
even without optical pumping, and almost no additional effect of
pumping is observed.
4. Conclusions
It has been successfully demonstrated that thin under-layers of
APCVD F-doped tin oxide can be used to direct the formation of very
smooth VO2 ﬁlms. These ﬁlms are polycrystalline and by chose of the
optimum precursor ratio ﬁlms with excellent thermochromic shifts
could be obtained. The quality of deposited ﬁlms is further demonstrat-
ed by the picosecond response of the phase transition and a large
change in the dielectric function.
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